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Based on the idea of black hole complementarity we investigate the effects of gravitational backreaction for
the late time Hawking radiation of evaporating near-extremal black holes. This problem can be studied within
the framework of an effective one-loop solvable model on AdS2. We find that the Hawking flux goes down
exponentially and it is proportional to a parameter which depends on details of the collapsing matter. This result
strongly suggests that the information of the initial state is not lost and that the boundary of AdS2 acts, at least
at late times, as a sort of stretched horizon in the Reissner-Nordstro¨m spacetime.
PACS number(s): 04.70.Dy, 04.62.+v
FTUV-00-1204 IFIC/00-76 hep-th/0012017
The discovery of black hole radiation [1] has led to a long
standing debate concerning the suggestion [2] that the evap-
oration process implies a loss of quantum coherence. This
conclusion seems inevitable if one assumes the propagation
of quantum elds on a xed classical background. However,
backreaction effects could change this picture. ’t Hooft [3]
suggested that for an asymptotic observer the interaction be-
tween the infalling matter and the outgoing radiation could
preserve the information of the initial quantum state of the
collapsing matter through non-local effects. Within this al-
ternative viewpoint it has been proposed a principle of com-
plementarity [36]: the simultaneous measurements made by
an external observer and those made by an infalling observer
crossing the horizon are forbidden.
In this letter we shall analyze the evaporation process of a
Reissner-Nordstr¤om black hole near extremality in a way sug-
gested by the principle of complementarity. According to it
we cannot have a detailed description of the physics near the
horizon and, simultaneously, far away from the black hole.
Therefore we shall naturally restrict the Einstein-Maxwell
theory in a region very close to the horizon. If the physical
congurations to be considered preserve the spherical sym-
metry and are close to extremality the resulting effective the-
ory turns out to be equivalent to a solvable two-dimensional
model. The effective model remains solvable also at the one-
loop quantum level and it has been studied in [7,8]. However,
complementarity will allow us to further improve our anal-
ysis. We shall be able to determine the Hawking radiation
ux for an asymptotic observer at late times. It is only at
late times that both the infalling and the external observer
can make simultaneous measurements. In contrast with the
standard picture, the Hawking ux goes down at late times
and it is not proportional to the total mass of the collapsing
matter. Instead, we nd that it is proportional to a parameter
which admits an innite series expansion in Planck constant
and depends on all the higher order momenta of the classical
stress-tensor of the incoming matter. At leading order this
parameter is the total mass. All this strongly suggests that
the information of the initial state will be then released out to
future innity during the evaporation process.
We start our analysis presenting the two-dimensional ef-
fective theory that describes the near-horizon region of the
Einstein-Maxwell theory around extremality (m0 ' ql−1,
where l2 = G is Newton’s constant). See [7,8] for details.















where the two-dimensional elds appearing in (1) are related








and r0 = lq is the extremal radius. The eld f represents a
spherically symmetric scalar eld which propagates freely in
the region very close to the horizon.
To properly account for backreaction effects we have to
consider the corresponding one-loop effective theory. There-























where we have considered the presence of N scalar elds to
have a well-dened theory in the large N limit. Note that the
Polyakov-Liouville action has a cosmological constant term
which has been xed (λ2 = l−2q−3) to ensure that the ex-
tremal conguration remains a solution of the quantum the-
ory. In conformal gauge ds2 = −e2ρdx+dx− the equations
of motion derived from (3) are
2∂+∂−ρ + λ
2e2ρ = 0 , (4)
∂+∂−φ˜ + λ
2φ˜e2ρ = 0 , (5)
∂+∂−fi = 0 , (6)











where the chiral functions t±(x±), coming from the non-
locality of the Polyakov-Liouville action, are related with the
boundary conditions of the theory associated with the corre-
sponding observers. The equation (4) is the Liouville equation
with a negative cosmological constant. It has a unique solu-
tion up to conformal coordinate transformations. It is very
convenient to choose the following form of the metric
ds2 = −2l
2q3dx+dx−
(x− − x+)2 , (8)
which, in turn, is a way to x the conformal coordinates x±,
up to M¤obius transformations. In these coordinates only the
t± terms survive in the quantum part of the constraints (7).
The relevant information of the solutions is therefore encoded
in the eld φ˜. The crucial point is to choose the suitable func-
tions t±(x±). To this end we shall use the idea of black hole
complementarity.
If we want to give a description of the evaporation process






{v, x+} , (9)
t−(x
−) = 0 . (10)
Alternatively, one can provide a description of the evaporation
process from the point of view of an outside observer valid at
late times. In this region it is perfectly legitimate to choose
the boundary conditions
t+(x




{u, x−} , (12)
where u and v are to be identied with the ingoing and out-
going Eddington-Finkelstein coordinates associated with the
dynamical Reissner-Nordstr¤om metric. Note that we cannot
impose simultaneously (10), (11), otherwise the only solution
is the classical one. Therefore (9), (10) and (11), (12) are
complementary.
It is worth to remark that the relations x+ = x+(v, ~),
x− = x−(u, ~) cannot be given a priori and can only be de-
termined once we solve the equations. At extremality x+ = v
and x− = u, up to M¤obius transformation, and we have
tv = 0 = tu. The conditions (9), (12) imply the following




{x+, v} , (13)
〈T fuu〉 = −
N~
24pi
{x−, u} . (14)
In the presence of collapsing matter and neglecting the back-
reaction the ingoing ux (13) vanishes for an outside observer





where m˜ is the total mass of the collapsing matter.
From the point of view of the infalling observer the solution
is the following [7,8]
φ˜ =
F (x+)
x− − x+ +
1
2
F ′(x+) , (16)
where the function F (x+) satises the differential equation
















− T f++(x+) , (17)







The metric can also be given in the ingoing Vaidya-type gauge
ds2 = −( 2x˜
2
l2q3
− lm˜(v))dv2 + 2dvdx˜ , (19)
where x˜ = lφ˜ and m˜(v) is the deviation of the mass from
extremality. The evaporating mass function satises the dif-
ferential equation
∂vm˜(v) = − N~
24pilq3
m˜(v) + T fvv(v) . (20)







If the incoming classical matter is turned off at some advanced
time vf then the evaporating solution approaches asymptoti-





(x+ − x−int)(x− − x−int)
x− − x+ , (22)
where (x±int) represent the end-point coordinates that belong to
the AdS2 boundary (x+int = x−int). For v > vf the evaporating
mass follows the exponential law
m˜(v) = m˜(vf )e
− N~
24pilq3
(v−vf ) , (23)
and therefore it exactly vanishes in the limit v → ∞ (i.e.
x+ → x+int).
In the alternative description of the evaporation process,
























The only point where these two descriptions must agree is the
end-point of the evaporation. Therefore imposing that (22) be
exactly (24) for x− → x−int we obtain
G(x−int) = 0 = F (x
+
int) ,
G′(x−int) = 0 = F
′(x+int) , (26)
and the absence of uxes at the end-point gives
G′′(x−int) = −F ′′(x+int) < 0 . (27)








where the minus sign is required in order to have a positive
derivative. So F and G are solutions of the differential equa-
tions (17) and (25), which in the region where T++ = 0 differ
just for an overall sign in their r.h.s. Moreover, both solu-
tions have similar boundary conditions, again up to a sign, in
F ′′(x+int) = −G′′(x−int) where x+int = x−int. Therefore G(x−)
is functionally equal to −F (x+) after exchanging x+ with
x−. F ′′(x+int) uniquely xes m˜(vf ) and therefore (27) implies















where the explicit expression for m˜(vf ) is given by the formal































x = x++ intx = x- int-
FIG.1. Black hole evaporation as derived from the Complementa-
rity Principle. Region A is the description of the evaporation pro-
cess given by an infalling observer. Region B is the one given by an
outside observer. Both descriptions are complementary but agree at
the end-point x+int = x
−
int (v → +∞, u→ +∞)








du2 − 2dudx˜ . (31)
It is important to point out the fact that m˜(vf ) depends on the
details of the collapsing matter through all the higher-order
moments of the classical stress tensor. We observe that for
~ → 0 m˜(vf ) is the total classical mass of the collapsing
matter and (29) recovers the constant thermal value of a static
near-extremal black hole (15). So when backreaction effects
are neglected we loose the information of the initial state.
Obviously from the parameter m˜(vf ) alone one cannot recon-
struct T fvv. However, this strongly suggests that the outgoing
radiation for all values of u (remember that our results are
exact in the Reissner-Nordstr¤om spacetime only at late times
u → +∞) is likely to contain all the information associated
to the incoming conguration (through the classical T fvv).
It is also interesting to remark that the radiation measured
by an infalling observer and that of an external one at late
times (u → +∞) are the same under the interchange of v
with u (which means a reection by the curve x+ = x−) .
The curve x+ = x−, which is nothing but the AdS2 boundary,
then acts as a sort of stretched horizon [5] in the Reissner-
Nordstr¤om spacetime at least at late times when v → +∞,
u → +∞. Since the afne distance (as measured along null
rays) between the horizon and the boundary is nite, we think
3
that such a surface can be exactly located in the physical
spacetime using null rays. There also are indications that the
degrees of freedom relevant to account for the Bekenstein-
Hawking entropy can be located at the AdS2 boundary [11].
This also reinforces the idea that it could have a physical
meaning in the Reissner-Nordstr¤om spacetime.
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